This special issue has highlighted recent and innovative methods and results that integrate observations and modelling analyses of regional to global aspect of biophysical and biogeochemical interactions of land-cover change with the climate system. Both the Earth System and the Integrated Assessment modeling communities recognize the importance of an accurate representation of land use and land-cover change to understand and quantify the interactions and feedbacks with the climate and socio-economic systems, respectively. To date, cooperation between these communities has been limited. Based on common interests, this work discusses research priorities in representing land use and land-cover change for improved collaboration across modelling, observing and measurement communities. Major research topics in land use and land-cover change are those that help us better understand (1) the interaction of land use and land cover with the climate system (e.g. carbon cycle feedbacks), (2) the provision of goods and ecosystem services by terrestrial (natural and anthropogenic) land-cover types (e.g. food production), (3) land use and management decisions and (4) opportunities and limitations for managing climate change (for both mitigation and adaptation strategies).
1. Introduction 1.1. Land use, land-cover change and global change research
The last 10 years have seen dramatic advances in the ability of scientific communities to simulate important interactions in the Earth system. An important factor in further understanding global change and the role of both human drivers and human interaction of natural systems is demonstrated via land use and land-cover change. Based on this recognition, and also in view of the role of land in providing goods and environmental services, attention to land use and land-cover change is sharply increasing. In this issue, several studies report integrative analyses that incorporate global climate, remote sensing and observations (Lawrence and Chase, 2010; Kvalevåg et al., 2009 ) while others discuss statistical, weather and/or observations to evaluate regional impacts of land use/land-cover change with climate or biophysical, hydrological processes (Sertel et al., 2009; Costa and Pires, 2009; Blanken et al., 2010; Mishra et al., 2010; Takahashi et al., 2010; Xiou et al., 2009) . The strength of these analyses lies in the integrative nature and approach for understanding both the drivers and impacts of land cover and land use with human systems with an emphasis on physical processes. None of these analyses, however, There is a growing overlap in domain and the relative amount of area in the ESM or IAM boxes illustrates the relative level of sophistication/extent of modelling effort allocated to that system in the groups. Note also the growing need for collaboration with the Impacts, Adaptation and Vulnerability (IAV) community. Figure reproduced from Janetos et al. (2009) . This figure is available in colour online at wileyonlinelibrary.com/journal/joc were conducted to address the issues raised from questions that are driven by integrative biogeophysical, socioeconomic and human decision-making perspectives. The Earth System Modeling (ESM) and the Integrated Assessment Modeling (IAM) communities play an important role in understanding and quantifying Earth system analysis and, specifically, understanding the role of land use and land-cover change. These two groups come from very different perspectives, which result in distinctly different modelling strategies between the groups. Thus, although there is a significant overlap in the systems modelled, there are also components that are unique to each group (Figure 1(a) ). The ESM approach is derived from a tradition of using models to analyse the different components and interactions of the Earth's physical system, with a significant emphasis on historical simulations and model evaluation. Although the focus was originally on the physical climate system, more recently the carbon cycle and dynamic vegetation have been added. By extending its focus, the ESM approach is increasingly adding land-use and land-cover change, hydrology, agriculture and urban systems as integral components of the Earth system. (For purposes of clarification in this work, ESMs represent both the highly computationally expensive coupled atmosphere-ocean general circulation models that incorporate coupled biogeochemistry, atmospheric chemistry and vegetation components as well as the Earth System Models of Intermediate Complexity (EMIC). For further information, see Claussen et al., 2002 or McGuffie and Henderson-Sellers, 2005 .) The IAM approach comes largely from a tradition of modelling the interaction of human activities, decision making and the environment. In this work, the focus has been mostly on economic production and consumption, energy systems, greenhouse gas (GHG) emissions and climate change. Land use (timber, agriculture, pasture or grazing) was often also included and increasing attention was focused on improving its representation. Figure 2 . Land in long-run (e.g. centennial) climate modelling . This figure is available in colour online at wileyonlinelibrary.com/journal/joc focus in the way ESMs and IAMs represent the systems they study is strongly related to the nature of these systems. In ESMs, more often historical data can be used to equilibrate the model to contemporary time. Given the inherent uncertainty in human systems, in IAMs all kinds of assumptions on future development of factors related to land use such as socio-economic, energy and demographic processes are made. These assumptions are partly based on historical evidence. Often the focus of analysis is not the baseline, but alternative policy scenarios that explore the implications of limited alterations to this set of assumptions (e.g. a climate target). The different focus of the ESM and IAM communities has led to significant differences in emphasis in describing land use and land cover (see also Section 1.3). Although there is a substantial overlap in the systems modelled, there are also components that are unique to each group (Figure 1) . Additionally, as both communities acknowledge the need for increased complexity and begin to incorporate additional biogeochemical or socially relevant components in their models, there is an increasing overlap in simulated domain with both the groups including aspects of other modelling strategies (Figure 1(b) ). Improving the description of land use and land-cover change dynamics is the current focus of both groups (Foley et al., 2005; Piao et al., 2008; Rose et al., 2008) . This is driven by the role of land system dynamics in global environmental change, and the role of land endowments in providing economic services and that in energy and climate policy and response (Figure 2 ). In this context, it should be noted that the focus of climate modelling is now shifting from finding an answer to the question 'how will the climate look if we carry-on the way we are going?' to 'what do we need to do to minimize the risk of dangerous climate change, and to adapt to the changes that are now inevitable?' Addressing the latter question relies heavily on behavioural modelling of economic, land use and energy systems, which is the bailiwick of IAMs. In addition, behavioural decisions are defined by the biophysical environment, the strength of the climate and the observational and ecosystem modelling communities.
The two groups have historically worked together in an 'offline' manner, i.e. scenarios that produce radiative GHG and other climate forcings (such as the time evolution of land-use-induced land-cover changes) have been transferred from the IAMs to the climate models without much interaction. More detailed information on the underlying drivers (e.g. land use change) or specific focus on how results of ESMs may impact the underlying drivers of the IAMs (global feedbacks and carbon cycle dynamics) has received very little attention. The observation that interactions between the ESM approach and the IAM approach have been limited to date can also be illustrated by describing the interaction between these communities in the context of the assessments of the Intergovernmental panel on climate change (IPCC). From the onset of IPCC, the climate modelling community has contributed in understanding the physical aspects of climate change, now the focus of Working Group I. The focus of the IAM community has been directed at how land use and emissions may develop and at determining the costs of reducing them, now the focus of Working Group III (Fisher et al., 2007) . The two approaches therefore contributed to different working groups. In this context, the interaction between the communities was essentially only a few years away: first for IS92 scenarios (Leggett et al., 1992) and second for the scenarios of the Special Report on Emission Scenarios (SRES) (Nakicenovic et al., 2000) . In fact, for the fourth assessment report (AR4) (IPCC 2007) , there was no interaction at all between the groups. One may therefore conclude that contact between the integrated assessment and climate modelling communities has been extremely limited. Outside IPCC, however, there have been collaborations in the research domain; but here also one may see this as an exception to a general rule (Sitch et al., 2005; Voldoire et al., 2007) . A third engagement occurred recently as the IAM community has provided the climate community with representative concentration and radiative forcing pathways -a group of datasets, including land use and land cover, that together describe a broad range of radiative forcing pathways to facilitate a more expansive characterization of potential climate outcomes than ever before (Moss et al., 2008; van Vuuren et al., 2008) .
It should be noted that the results of both the climate and IAM simulations have been made broadly available for analysis by other communities as well. The primary groups to utilize modelled results are those that study climate interactions with ecosystems, water resources, biodiversity, agriculture, human settlements and ultimately for understanding the potential for human adaptation to climatic changes, as well as for finer resolution analysis of potential socio-economic and energy transformations associated with long-run climate objectives.
It is important to realize that the ESM and IAM communities do share a common goal, i.e. to understand the continual evolution of the Earth system and all the components that drive that evolution -human decisionmaking and intrinsic natural variability alike. Although these drivers may be of very different origin, both must be understood to improve our understanding of both why the Earth's system behaves as it does now, and what impact future decisions about the human driving forces might hold. There are important interactions between human economic decision making about energy, land use and GHGs, and potential feedbacks in the physical climate system. In this context, these communities should be exploring new research strategies to identify the most important of these interactions, and develop ways to explore them, their consequences and ultimately the consequences of the overall evolution of the Earth system in a more comprehensive and sophisticated way than previously imagined. To some degree, the realization that a major link between human and physical systems is through the carbon cycle is compelling both communities to examine each other's strategies for missing components in their modelled systems.
Land use and land-cover change
A variety of approaches to address land use and landcover change have been considered by both the modelling communities. The modellers of ESM have taken an approach that stems from a combination of basic ecosystem (e.g. carbon cycle) and dynamic global vegetation models (DGVMs), and have begun to incorporate different plant functional types (PFTs) into their model structures. These aspects of ESMs are increasingly being used for understanding the ecosystem and the impacts on hydrology which are modified by ecosystem responses (Betts et al. 2007) . Traditionally, information to create an explicit geography of land cover and land surface properties is derived from snapshots of satellite data and often do not acknowledge temporal transitions. However, as land-cover change is also driven by human land use and decision-making processes, ESMs are increasingly adding scenarios of land-use change to their analysis. Historical land cover is typically produced at coarse spatial resolution (e.g. 50-200 km 2 ). These reconstructions of land use and land cover are often used to estimate a baseline or reference for current and future carbon stocks and fluxes (e.g. the influence of fire suppression on forest carbon or the influence of past agriculture on soil carbon) and the extent to which land-use change modifies the impacts of climate change such as hydrological changes . The IAM community also recognizes the importance of land use as a critical factor in socio-economic decision making, e.g. for food and timber production, valuation of the state of ecosystems and their services, and increasingly, as a response to demand for biofuels in the electricity and transportation sectors. Although many IAMs have focused strongly on energy-economy systems and only included land-use emissions as exogenous factors, this is now changing with the development and implementation of increasingly coupled socio-economic and climate modelling strategies . How land use is included differs strongly across the IAM community; some IAMs have included land as an additional production factor and relate its use to associated GHG emissions. Such models describe land use at the level of large global regions and would, for instance, differentiate between agricultural land, forested areas and pasture/grazing lands to understand and simulate the economic consequences of changes in supply and demand for these services. The basis of the models is socio-economic and the models rely on census data at national or regional levels of aggregation, with relatively limited specification of landcover characteristics. A small number of models have more detail and, in particular, describe land use and land cover with greater geographical specificity. However, all the models must contend with the fact that economic statistics [such as United Nations Food and Agriculture Organization (FAO) statistics] are national and regional (not gridded or by water sheds); and therefore, land-use decision making must be modelled at this coarser level.
Although a variety of modelling methodologies have benefits in terms of estimating global uncertainties, further collaboration both within and across the two communities can help to advance science, to make use of the best of both worlds (and avoid unnecessary duplication), to enhance integration (also for future climate assessments) and to better understand the role of both human and climate-based uncertainties and their feedbacks. The research issues that have the most potential for productive collaboration between the two modelling communities are identified in this work. In this context, there are three major areas of research priorities where both the ESM and IAM communities may play a role with regard to land-cover and land-use change: deforestation, agriculture and bioenergy. We first highlight ongoing and new model development and how these new model components are being applied through cooperation and evaluation. We finish with a proposed strategy and research priorities for moving forward with an integrative approach for improved understanding of energy, agriculture and forest management.
Model development strategies: challenges and a brief assessment
Land cover and land use are not synonymous; however, these words are often (incorrectly) used interchangeably by the IAM and ESM communities. For purposes of clarity, in this work, we consider land cover as a description of the actual vegetation present at the terrestrial surface. Even with this definition, differences in interpretation can arise due to the use of different classification systems to characterize land cover (e.g. biome-type description vs allocation of PFTs). Land use, in contrast, describes the anthropogenic or human use of the land surface, e.g. specific use of maize and commercial timber, and can include land management activities such as irrigation and fertilization that can alter GHG fluxes and climate but not the land cover -cropland and forest, respectively. Land-use change can thus be an important driver for landcover change, but they are not the same. The differences between land use and land cover are also important in the context of data and observation.
All models are driven by data, whether the data are derived from boundary conditions or through parameter estimation, empirical relationships or direct observations. In the end, model estimates, and therefore model error, reflect the information or analyses that are used to establish initial conditions, parameter estimation or internal algorithms. For instance, land-use change emissions are highly uncertain to within a factor of 4, i.e. 500-2700 TgC/y (Denman et al., 2007) . This restricts our ability to estimate the strength of global carbon sinks; although fossil fuel emissions and atmospheric CO 2 concentrations are well constrained, the large uncertainty in land-use change emissions means that the airborne fraction of total emissions (and hence the fraction of total emissions taken up by land ecosystems and oceans) cannot be constrained so well. Similarly, global land cover as provided by the FAO is often inconsistent with land-cover data and actual practices (e.g. the extent of global plantation forests is uncertain). Modelling groups differ substantially in how lands, such as managed forest, agricultural production, acreage and unmanaged systems, are identified, characterized and paramaterized.
The land-use and land-cover changes associated with mitigation options may impact climate in different ways, and mitigation options currently under consideration at regional and national levels will have major consequences for land use, in particular policies with respect to avoided deforestation/reforestation and bio-energy production. Consistent characterization of mitigation strategies and their implications are largely unknown or unavailable. For instance, reforestation in temperate zones may be used as credit under international climate policy, although some studies have suggested that the associated changes in albedo could at least partly offset the carbon uptake (Betts, 2000; Schaeffer et al., 2006) . In contrast, in the tropics, quantification of the climate effects of reforestation (or avoided deforestation) solely in terms of carbon would fail to account for the unchanged or additional cooling effects of altered evapotranspiration (Malhi et al., 2008) , so the beneficial effects of tropical forests in mitigating climate warming would be underestimated. Moreover, consideration of only carbon emissions also omits the 'land-use amplifier' effect through which deforestation reduces the carbon sink in addition to acting as an emission source (Gitz and Ciais, 2004) . Mitigation options may also have consequences for atmospheric chemistry [e.g. volatile organic compound (VOC) emissions of oil palms, and black carbon emissions from changes in terrestrial fire regimes].
Land cover in global climate models
For clarity, we define two classes of ESMs: (1) coupled Atmosphere-Ocean General Circulation Model (AOGCM) that incorporates endogenous marine and terrestrial carbon cycle dynamics, geographically explicit dynamic vegetation and/or atmospheric chemistry components; and (2) EMIC -a model which compared with (1) takes a simplified or 'reduced' form when one or more components are present. For both the ESM classes, the global carbon cycle is 'closed' (i.e. calculations of the net land-atmosphere and ocean-atmosphere exchanges of, say, CO 2 are conservative within the ESM).
In the majority of the global coupled carbon cycleclimate models, several new components are being implemented into their dynamic vegetation and carbon cycle modelling strategies. Some representative processes that are under development and future activities are listed in Table I . At the present time, ESM calculations of the water, energy and carbon fluxes at the land surface and vegetation dynamics are generally limited to regrowth following prescribed disturbance, with limited representation of age-class structure and successional processes (e.g. introduction of invasive species and changes from herbaceous to woody systems).
In the past, climate models have typically assumed fixed land-cover and prescribed GHG concentrations, thereby ignoring both biogeophysical and biogeochemical feedbacks. Land-use change is estimated to account for about 35% of historical human CO 2 emissions (Foley et al., 2005) , and accounts for about 20% of current CO 2 emissions (Denman et al., 2007) . Initial activities to incorporate land-cover change include first-generation DGVMs (Cox et al., 2000; Cramer et al., 2001 ) and first-generation Coupled Climate Carbon Cycle Models [C 4 MIP (Friedlingstein et al., 2006) ]; both the models focused on natural vegetation and therefore did not consistently treat the effects of land-use change or human-induced land-cover change.
Land use and land cover in integrated assessment models
Global land-use modelling in most IAMs is generally less developed than other components (e.g. energy system). IAM development is ongoing to more fully internalize land-use decisions associated with both land-use change and changes in the management of land under its existing use. Specifically, new modelling is improving the Delineation of near-and long-term is for general reference and corresponds to broad representation of climate modelling communities from Europe, the United States and Japan. From Meehl and Hibbard (2007) .
representation of land-use competition, forestry investment behaviour, changes in forest management, modelling heterogeneous land endowments, internalization of mitigation costs in production and budget decisions, economic rents of land, land-use transitions between specific land types/uses and the supply and access of unmanaged lands . Recent advances in data and the economic modelling of global land use are facilitating this development (Hertel et al., 2009) . IAMs often have several model components that communicate at various levels and frequencies (e.g. energy, climate, land use and land cover). While model components within an IAM are implemented with variable coupling strength (e.g. between socio-economic, energy and climate), it is clear that agriculture, land, land-use change emissions, the economy, energy, CO 2 concentrations and climate change are strongly connected. For example, bioenergy has the potential to become a widely used new source that could have major land-use and emissions interactions with and feedbacks to the climate system. IAMs are at various stages of implementing model components that allow competition of bioenergy with food production of land and the impacts on food prices, forests and unmanaged ecosystems, with potential feedback effects from climate change through albedo and emissions.
Water, fire and nutrients in the Earth system
In general, ESMs account for overland routing of water, but do not consider water impoundments. The current IAMs on land use/climate change do not simulate either overland routing or impoundments. However, more dedicated models exist that describe the global water cycle (Vörösmarty et al., 2000; Alcamo et al., 2003) . ESMs are introducing more sophisticated hydrology (e.g. water impoundment considerations, thermokarst and freshwater lake systems, ice-stream in river transport (D. Lawrence, pers comm.) into land-cover change modelling, whereas IAMs are beginning to implement basic hydrological processes into their models. This will become more important with increasing pressure and development of urban areas and agriculture in different parts of the world, for both developing and developed countries and to simulate human contributions to changes in runoff, water impoundments (e.g. dams), sediment transport and nutrient flows to ocean systems.
Fire is a key interaction between climate change and land-use change, as changes in fire risk due to climate change may modify the effects of land-use change which often involves fire for forest clearance (Golding and Betts, 2008) . Natural or mechanistic fire has been represented in terrestrial ecosystem models since at least the late 1980s (Parton et al., 1987) and is a component of some ESMs. Mechanistic fire is generally parameterized through climate and fuel interactions with probabilities of ignition and have been implemented into the DGVMs (Spessa and Thonicke, 2007; Lenihan et al., 1997) . In current IAMs, emissions from biomass burning are not specifically simulated.
Land cover can determine whether the land surface is a source or sink for many chemically active atmospheric species [e.g. VOCs and nitrogen (N 2 O, NO x )]. Globally, nitrogen has a dual nature in terrestrial ecosystems: there is either not enough nitrogen for agricultural production or there is too much (Galloway and Cowling, 2002; Martinelli and Howarth, 2006) . With very few exceptions (Bouwman et al., 2006; Thornton et al., 2009) , there is still a great lack of understanding on how to represent correctly the interactions of global biogeochemistry, atmospheric chemistry (beyond carbon) and the coupled human/climate system in both ESMs and IAMs.
Models, observations and cooperation
Planned developments in ESM, such as the implementation of new processes (e.g. carbon and/or nitrogen cycle, and dynamic vegetation), and IAM links to the climate system are the first step towards the future development of new scenarios (Moss et al., 2008) and will require strong cooperation between the communities.
Feedback of complex carbon cycle/climate change
Over the last few years, Earth system modelling groups have made considerable effort in including different kinds of feedbacks between the carbon cycle and climate system into their models. Model comparison exercises have shown that these feedbacks can be very significant and that the magnitude, and even the sign of carbon cycle-climate feedbacks, can depend on the land-use scenario and thus may not be easily simplified (Sitch et al., 2008; Friedlingstein et al., 2006) . IAMs are often used to explore the impact of different scenarios with and without climate policy (Fisher et al., 2007; van Vuuren et al., 2008b) . However, the representation of the carbon cycle and climate system in IAMs is highly simplified (van Vuuren et al., 2010) . Therefore, it is important to validate simple representations. The lack of ESM runs with low GHG concentrations and/or by overshoot profiles [an overshoot profile is one where radiative forcing peaks and then declines with time (van Vuuren, 2008b)] makes it difficult to validate the behaviour of the climate system in the simple climate models used in IAMs in these sorts of scenarios. Currently, both communities are working to explore feedbacks and interactions between the coupled carbon and climate systems Moss et al., 2008; van Vuuren et al., 2008a) under vastly different climate projections. Such insights may lead to recalibration of climate/carbon cycle IAMs, re-evaluation of climate policy strategies and/or re-evaluation of attainability of various climate targets.
New activities in land-cover harmonization strategies and remote sensing
Both the ESM and IAM communities have only recently implemented land-use and land-cover change dynamics. At present, several data sets for historical, present and future land use/land cover have been published (Klein Goldewijk and van Drecht, 2006; Ramankutty et al., 2002; Foley et al., 2005; Ramankutty and Foley, 1999; Pongratz et al., 2008) , but there have been few formal multi-model data comparisons to assess the implications for climate system feedbacks. One project, the Land-Use and Climate IDentification of robust impacts (LUCID), is evaluating land-cover interactions with the climate system (Pitman et al., 2009) , but it has not yet addressed coupled carbon cycle-climate or socio-economic feedbacks to land-cover or land-use change. Current activities that engage both the ESM and IAM communities are to develop a consistent land-use/land-cover data set for the upcoming IPCC Fifth Assessment Report (AR5).
The development of a single land-cover data system is under development with both communities involved in assessing differences in land-cover characterization and implementation (Hurtt et al., 2009 ). This first ever collaborative activity will provide a platform for quantifying the importance of differences in land-use input data. Analyses that identify model differences and associated uncertainties by comparing allocation rules of land use on land cover in the ESMs and IAMs will also be performed.
Satellite data, also in conjunction with ground-based observations and historical reconstructions, are valuable tools in characterizing land surface properties as highlighted in this issue (Sertel et al., 2009; Kvalevåg et al., 2009; Fall et al., 2009) . With regard to land use/land cover, most spatially explicit data sets are based on remote sensing and national statistics (e.g. HYDE, SAGE, GLCF products and GLC2000). Uncertainties, however, are still significant (Jung et al., 2006) and can result in considerable differences in modelling outcome (Myhre and Myhre, 2003; Jain and Yang, 2005; Jung et al., 2007) . Despite these uncertainties, the role of remote sensing for data and model parameterization, calibration and evaluation should be further explored, e.g. concerning key model parameters such as albedo, leaf area index (LAI; see Lawrence and Chase, 2010) , fraction of absorbed photosynthetically active radiation (fPAR), yields, potential uses and land-use change transition matrices and the behavioural drivers (e.g. markets, policies and natural events).
The United Nations Framework on Climate Change Convention (UNFCCC) introduced the concept of remotely sensed Essential Climate Variables (ECVs); originally identified for the implementation plan developed by the Global Climate Observing System (GCOS), with 13 ECVs targeted to address terrestrial observations (Table II) . In particular, the Global Terrestrial Observing System (GTOS) is developing possible mechanisms for a terrestrial framework and assisting the consistent and continuous observation of the 13 terrestrial ECVs, including the assessment of the status of available standards (Sessa and Dolman, 2008) . To date, some activities have used different existing global observations and derived specific global products, for instance, SYNMAP (Jung et al., 2006) , which is a synthesis of existing global land-cover maps to provide a targeted and improved land-cover map for carbon cycle modelling, and a global urban mapping synthesis (Potere and Schneider, 2008) .
It has long been recognized that observations and, in particular, remotely-sensed products are often crosscalibrated with various global data sets (e.g. GLC2000 as reference for comparison with UMD, IGCP, MODIS and SYNMAP) as well as spatial heterogeneity of land-cover classes (Herold et al., 2008a) . These and other analyses have initiated the development of strategies for a landcover classification system (LCCS), providing a common terminology where various data sets can be compared and evaluated to improve their synergy, usability and flexibility. In addition, new global land-cover products with more detailed spatial resolution (e.g. GLOBCOVER Many global ECV monitoring activities build upon satellite data as primary observation source. The European Space Agency (ESA) has started to arrange their global observing commitments according to ECV requirements and are described first, followed by others (e.g. US and Japan).
2005 with 300 × 300 m or MODIS with 500 × 500 m) and thematic detail in the LCCS have recently become available for global and regional applications requiring up-to-date and flexible land-cover mapping data. As these new products are developed and made available to the scientific community, an operational accuracy assessment system for the identification of problems in characterizing heterogeneous areas is in evolution for the quantification and treatment of error. It is anticipated that these new and ongoing products will be available for integration into ESMs and IAMs. A key application will be for the detection and attribution of historical climate change; previous detection and attribution studies have been unable to include land-cover change credibly in their range of potential drivers (Hegerl et al., 2007) , but improved models and more complete data sets now allow this process to be included in such studies (Lawrence and Chase, 2010; Fall et al., 2009; Sertel et al., 2009) . Driven by several international policy processes (i.e. UNFCCC post-2012 climate negotiations), substantial investments are currently being made to improve terrestrial carbon monitoring in many developing countries [i.e. emissions from deforestation (Herold and Johns, 2007) ]. These efforts use both historical remote sensing data, at fine scales (i.e. Landsat-type data), and in situ data to quantify changes in forest area and changes in carbon stocks, respectively. The 2010 Forest Resources Assessment of FAO will include a global remote sensing survey providing a systematic sample-based assessment of historical forest and land changes on regional and global levels. In conjunction with change observations using coarser-resolution satellite data (i.e. long-term trends in Normailized Difference Vegetation Index time series, fire observations, night-time lights, hot-spot detection, etc.), a new level of data products and information on land dynamics will soon become available for different time periods since about 1990 (Herold et al., 2008b) .
Moving forward with three integrative processes: deforestation, agriculture and bioenergy
Three global land-use phenomena (deforestation, agriculture and bioenergy) are very topical for international policy making, and are being studied by the ESM and IAM communities. We argue that these three phenomena are main areas where further collaboration between these communities, together with observing (e.g. remote sensing) communities, could advance current scientific understanding. The phenomena are clearly driven by socio-economic drivers and different policies, but understanding them also requires a comprehensive examination of physical, biogeochemical and ecosystem processes. These directly relate to the issues we have raised in the previous sections (e.g. through hydrology, disturbance, biogeochemistry and socio-economic). Bridges between the observation, measurement, modelling and decisionmaking communities will be necessary to resolve integrative land-use and decision-making questions.
4.1. Land use and deforestation Deforestation and its associated processes are important with regard to the carbon cycle and feedbacks to the climate system. Empirical evidence of the rates of change of deforestation has been available for the past 25 years, and future progress is anticipated with new observing systems, and measuring and modelling tools. Deforestation comprises the aspects of both human decision making, as it is clearly a consequence of both economic and non-economic decision making, and biogeochemical processes. In addition, the uncertainties associated with the net flux of carbon are of the same order as that for the size of the net flux (e.g. around 20% of the gross flux, or total flux). It is also important to understand the recent past, because both the human and the biogeochemical processes that contribute to the rates and magnitudes of deforestation are very likely to continue to be important in the future. Finally, deforestation is a major element in climate policy discussions. The skill of IAMs to reproduce land-clearing phenomena that resemble the timing and magnitude as recorded by observing systems has not been tested. The same holds for the carbon cycle consequences of these changes, in both IAMs and ESMs. Consequently, an important research priority is to improve the representation of recent past (e.g. 20+ years) to contemporary deforestation in models, including the relationship between deforestation and climate policy choices. Representation of rates of deforestation in ESMs is largely dependent on information from historical sources, the integrated assessment and remote sensing communities. We strongly recommend coupled analyses with both modelling and observing communities to (a) better quantify socio-economic and political processes that drive rates of deforestation, (b) reduce uncertainties in sources and sinks of GHGs from deforestation processes and (c) evaluate the integrated impacts of deforestation accounting for both biogeophysical and biogeochemical feedbacks.
Land use and agriculture
Analyses with IAMs have explored range-finding exercises on agricultural productivity through analyses of crop productivity for food versus fuel and whether or not carbon is valued (Strengers et al., 2004; Wise et al., 2009) . Assumptions on agricultural productivity critically determine land use in the coming century. They also determine the potential for bioenergy (de Vries et al., 2007) . Moreover, results suggest that when carbon is valued, crop prices raise significantly, even in the absence of crops grown specifically for bioenergy production. Conversely, substantially more bioenergy production occurs when terrestrial carbon is not valued. Both socio-economic and cultural decision-making processes govern agricultural production from individual landowner to landscape and regional scales. However, there are significant uncertainties in fundamental economic and land productivity parameters that can meaningfully affect results. For global models with underlying objectives to understand and quantify climate system dynamics, the practicality of specifying crop types and regionality must be carefully considered. Appropriate scales for decision making to specific changes in crop management strategies as a consequence of changes in climate, changes in demand for food and changes in the relative cost of land inputs to production in the context of a dynamic policy environment provide a backdrop of the complexity of agricultural economic and policy landscapes.
4.3. Land use and bioenergy production Within the last several years, bioenergy production has generated substantial political and economic interest. Most IAM groups have initiated simulation studies of bioenergy production and there have been some comparisons of results . Although ESMs can specify a vegetation proxy (e.g. grass and crop) to simulate biofuels, it is not clear how to incorporate bioenergy production into an ESM experimental design. Several approaches can be considered: whether to simply and artificially increase agricultural productivity, or whether processes and energy fluxes associated with increased fertilization, irrigation and crop rotations require a new biogeophysical modelling strategy, including the implementation of age or cohort structure (Moorcroft et al., 2001) .
Discussion
Within the topics of deforestation, agricultural production and bioenergy, interaction with the impacts, adaptation and vulnerability communities is clearly important. A model-evaluation exercise that incorporates a 'soft coupling' (e.g. offline) between IAMs and ESMs of land would provide a 'proof of concept' for short-term analyses that could be linked with impacts and/or adaptation studies. Clearly, both ESMs and IAMs will require confrontation with data. Benchmarking exercises that rigorously evaluate model performance against observations and measurements is needed. In addition, guidelines for interpreting land-use and land-cover classes (e.g. pasture lands, savanna and grazing lands) are needed. For instance, land allocations for grazing lands can be quite different, or how a global model classifies whether a land allocation is to be grazed can be distinctly different between mesic or arid/semi-arid ecosystems. It is also important to note that it is simply not enough to reproduce observations, as calibration for one region may result in distorted results in another. In this context, the programmes under development for observing ECVs as outlined by the GTOS (2007) consider this broad set of needs for both land-cover and land-use monitoring in an integrated and consistent manner. Process understanding, both from the socio-economic and the natural science's view point, will be important considerations. We also suggest that many applications view IPCC as a default framework to promote collaboration, but there are others, including but not limited to ecosystem services, Earth system science, sustainable development, the IAMC and various government programmes.
